Aims Cambium reactivation after dormancy and budbreak in deciduous trees requires a supply of mobilized reserve materials. The pathway and mode of transfer of these materials are poorly understood. † Methods Transport of reserve materials during cambium reactivation in Populus nigra was investigated by conventional and immunocytochemical TEM analyses, SDS-PAGE, western blotting and intracellular microinjection of fluorescent dyes. † Key Results Proteinaceous compounds stored in vacuoles and protein bodies of vascular cells and ray cells disappeared within 3 weeks after cambial reactivation and budbreak. Some of these proteins (32 kDa, 30 kDa and 15 kDa) were labelled by lectin antibodies in SDS-PAGE. The same antibodies were localized to plasmodesmata (PDs) between phloem parenchyma, ray cells and fusiform cambial cells. In addition, proteinaceous particles were localized inside the cytoplasmic sleeves of these PDs during budbreak. During this period, the functional diameter of PDs was about 2 . 2 nm which corresponds approximately to the Stokes' radius of the detected 15-kDa protein.
INTRODUCTION
In woody angiosperms, the cambium mediates secondary growth which is subject to an annual rhythm of divisional activity and dormancy (e.g. Lachaud et al., 1999; Evert, 2006) . Cambial divisions produce fusiform or isodiametric cells. Xylem vessel elements and phloem sieve-element/ companion-cell complexes along with adjoining axial parenchyma cells and fibres arise from the fusiform cells. The isodiametric cells give rise to horizontally arranged rays which are composed of contact cells and isolation cells (e.g. Evert, 2006) . Contact cells neighbour xylem vessels and axial parenchyma cells and serve nutrient exchange between rays and translocation channels (e.g. van Bel, 1990) . Isolation cells are responsible for radial transport of nutrients between xylem and phloem and vice versa (Sauter, 1966; van Bel, 1990; van Bel and Ehlers, 2000) . Both types of ray cells possess elaborate storage capacities for nitrogen and carbohydrates (e.g. Sauter, 1966; Sauter et al., 1988) .
Excess nutrients produced during summer are invested in bud development (Cook and Weih, 2005) or are stored in rays and vascular parenchyma during winter (e.g. Sauter, 2000) . In early spring, storage materials are remobilized, transferred and invested into the reactivated cambial region and growing tissues, e.g. buds. Consequently, the storage compounds in the rays strongly vary throughout the year (Langheinrich and Tischner, 1991; Nomura et al., 2007) .
In poplar, starch content continues to rise from the end of May until September when bud growth in the axilla of senescent leaves is starting (Sauter, 2000) . By contrast, protein content remains low during the growing season and rises with the onset of overwintering processes (Sauter, 2000) .
Cambial growth in deciduous trees seems to depend on nutrient supply via the rays (e.g. Sauter and Kloth, 1986; reviewed in van Bel, 1990) . Mode and quantity of nitrogen and carbohydrate transfer through the rays towards the cambium, however, is only marginally explored (e.g. van Bel and Ehlers, 2000) . Counts of plasmodesmata (PDs) between ray cells and calculated flux rates in rays of Populus canadensis rendered PD-mediated transfer to be likely (Sauter and Kloth, 1986) . In keeping with this conclusion, Chaffey and Barlow (2001) found microtubuli and microfilaments bundled and radially oriented within ray cells. They hypothesized that cytoskeletal components are involved in symplasmic transport of materials from the axial parenchyma cells in phloem and xylem via the rays to the actively dividing cambium.
These findings bring the functionality of PDs in the cambial region into focus, but only sparse knowledge is available so far (cf. van der Schoot and van Bel, 1990; Ehlers and van Bel, 2010; Fuchs et al., 2010) . Symplasmic connectivity between cells depends on the size exclusion limit (SEL) of their PDs. Molecules smaller than the SEL appear to diffuse from cell to cell (Roberts and Oparka, 2003) . Trafficking of molecules with diameters that exceed the SEL likely requires selective transport with participation of proteinaceous PD components (Roberts and Oparka, 2003) . The SEL of PDs is tissue-specific (Jackson, 2000) and can vary under changing physiological conditions (Crawford and Zambryski, 2001) , and between species (Jackson, 2000) , and is subject to developmental stages (Oparka et al., 1999) .
Mobilization of stored nitrogen from local depots in rays, i.e. storage vacuoles and protein bodies, and subsequent translocation to the xylem sap during budbreak has been well documented (e.g. Reuter, 1957; Sauter, 1981) . Analysis of the pathway and transfer of mobilized storage materials towards the cambium, however, has been restricted to experiments in fixed tissues or to calculated data (Sauter and Kloth, 1986; Chaffey and Barlow, 2001) . In the present study, the pathway and mode of transfer of mobilized proteinaceous materials from the phloem parenchyma and rays into the reactivated cambial region in spring was investigated. To this end, transmission electron microscopic (TEM) analyses (conventional and immunocytochemical) and western-blotting experiments were performed and Lucifer Yellow (LYCH), 4 . 4-kDa and 10-kDa fluorescein-isothiocyanate (FITC)-labelled and purified dextrans were microinjected into ray cells and fusiform cambial cells in state of reactivation during budbreak.
MATERIALS AND METHODS

Plant material
Two-year-old twigs of Populus nigra 'italica', grown outdoors in the botanical garden of the Justus Liebig University Giessen, were harvested during budbreak at the beginning of April For proteomics, 2-year-old twigs of potted cuttings were used. These potted cuttings were grown outdoors and harvested for protein extraction on 7 January 2010 (dormancy). Two of the potted cuttings were grown outdoors until 25 December 2009 and then transferred into a climate chamber with short-day conditions (8L : 16D) and 21 8C to induce budbreak under artificial conditions, which occurred on 15 January 2010, when the first budbreak sample was taken (BB). Three days later (18 January 2010), the second budbreak sample (BB + ) was harvested. The third budbreak sample (BB + +) was harvested on 29 January 2010 and the last sample (BB + ++ ) was taken on 5 February 2010.
To exclude erroneous assessment of viruses as proteinaceous particles, plant material was examined in the Julius Kühn Institut (JKI, Bundesforschungsinstitut für Kulturpflanzen) in Braunschweig, Germany. No viruses were detected in the poplar material.
Fixation protocols and immunocytochemistry
Fixation of the summer and dormant samples for standard TEM observation was described in detail by Fuchs et al. (2010) . Internodal tissues in the state of budbreak were fixed for standard TEM observation in 0 . 05 M sodium cacodylate buffer, pH 7 . 2, containing 1 . 5 % paraformaldehyde (w/v) and 3 % glutardialdehyde (v/v). Samples, 2 cm long, were incubated in the fixative at room temperature for 2 h.
After incubation, wounded material from the tissue margins was removed with a razorblade and the remaining tissue was cut into blocks of approx. 4 mm × 4 mm × 4 mm having the cambium in the centre. The blocks were incubated in fresh fixative for 3 h at room temperature, washed with 0 . 05 M sodium cacodylate buffer, pH 7 . 2, on ice, post-fixed with 1 % osmium tetroxide (w/v) overnight on ice, washed with demineralized water and stained with 0 . 5 % aqueous uranyl acetate (w/v) on ice. Dehydration through a graded ethanol series was followed by treatment with dried propylene oxide. After embedding through several steps of Spurr's resin (Spurr, 1969) , polymerization was performed at 68 8C for 24 h.
Cross-sections, 90 nm thick, were cut from samples, collected on Formvar-coated, single-slot copper grids (2 mm × 1 mm) and post-stained with Reynolds' lead citrate (Reynolds, 1963) and 2 % aqueous uranyl acetate (w/v).
For immunocytochemical detection of proteins, 2-cm-long internodal tissues were fixed with 1 . 75 % paraformaldehyde (w/v) and 0 . 5 % glutardialdehyde (v/v) in 0 . 1 M phosphate buffer (PBS), pH 7 . 2, for 4 . 5 h at room temperature. After incubation, wounded material was removed from the tissue margins and the remaining tissue was cut into blocks of approx. 4 mm × 4 mm × 4 mm having the cambium in the centre. The blocks were incubated in fresh fixative for 2 h at room temperature. After washing the samples in PBS on ice six times, 10 min each, and dehydration in a graded ethanol series [2 × 30 min 30 %, 50 %, 70 % ethanol (v/v) rotating on ice, 2 × 30 min 90 % ethanol (v/v) rotating at 20 8C, 30 min 100 % dried in ethanol at 20 8C, 1 . 5 h dried in ethanol and Unicryl 1 : 1 (v/v) and 12 h in pure Unicryl (British Biocell International, Cardiff, UK) at 20 8C], they were embedded in Unicryl and polymerized at 50 8C for 2 . 5 d. Ultra-thin cross-sections, 90 nm thick, were collected on Formvar-coated, single-slot gold grids (2 mm × 1 mm).
For indirect immunolocalization, sections were blocked with 5 % BSA (w/v) in 0 . 1 M PBS buffer ( pH 7 . 2) for 1 . 5 h and incubated for 1 . 5 h with rabbit-anti-Ulex europaeus-1 lectin (UEA1, whole antiserum; Sigma-Aldrich, Munich, Germany) Liedtke et al., 1997) and the grids were rinsed with demineralized water before they were post-stained with Reynolds' lead citrate (Reynolds, 1963) and 2 % aqueous uranyl acetate (w/v), and were examined by TEM. All treatments were performed at room temperature.
Similar immunocytochemical experiments were performed with commercially available rabbit-anti-Ricinus communis lectin (RCA 60 , RCA 2 , fractionated antiserum, diluted 1 : 1000) and rabbit-anti-Triticum vulgare lectin (WGA, fractionated antiserum, diluted 1 : 10, 1 : 100 or 1 : 1000) purchased from Sigma-Aldrich.
TEM analyses
Sections were examined at 120 kV in a LEO EM 912 (Omega AB, Zeiss, Oberkochen, Germany) transmission electron microscope. Digital micrographs were taken with an integrated CCD camera (slow-scan CCD camera; Proscan, Lagerlechfeld, Germany).
Protein extraction of P. nigra twigs
Bark tissues including the cambium of 1-to 2-year-old potted cuttings of P. nigra were removed with a fresh razor blade and were ground with sand and liquid nitrogen to a fine powder. Aliquots (0 . 2 g) of the powder were transferred to a 2-mL reaction tube and 0 . 4 mL of extraction buffer was added which contained 5 % SDS (sodium dodecyl sulfate; Serva, Heidelberg, Germany) (w/v), 15 % glycerol (Carl Roth, Karlsruhe, Germany) (v/v), 0 . 3 M DTT (dithiothreitol; Carl Roth), 1 % PMSF (phenylmethylsulfonylfluorid; Carl Roth,) (w/v), 1 % PVP (polyvinylpyrrolidone; Carl Roth) (w/v) and 0 . 175 M Tris-HCl [tris(hydroxymethyl)-aminomethane; Carl Roth] (pH 8 . 8). After vortexing for a few seconds, the samples were centrifuged for 20 min at 21 500 g at 20 8C. The pellet was discarded and the supernatant was mixed in a ratio of 3 : 1 (v/v) with reducing sample buffer (4× Roti-Load 1; Carl Roth). Identical volumes of 5 mL of each sample, which did not necessarily contain identical amounts of protein, were used for SDS -PAGE to observe variations in protein content.
1D SDS -PAGE
Protein extracts of bark and cambium tissues by 1D SDS-PAGE were separated according to Laemmli (1970) using a 4 % (v/v) stacking gel and a 12 % (v/v) separation gel in a MiniProtean 3-Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, USA). Precision-Plus-Protein-All-Blue standard (Bio-Rad Laboratories) served as the protein size marker. Minigels were stained with colloidal Coomassie (Carl Roth), and documented with a Gel Doc XR imager (Bio-Rad Laboratories). The software Quantity One (Bio-Rad Laboratories) was used for analysis of the minigels and the band match tolerance parameter was set to 4 %.
Immunoblotting
Separated protein bands were blotted from minigels onto a nitrocellulose membrane ( pore size 0 . 2 mm; Roti-NC, Carl Roth) by using Towbin buffer (Towbin et al., 1979) at 40 V overnight in a refrigerator (6 8C). Proteins on the blotting membrane were stained with Ponceau S (ready-to-usesolution; Sigma-Aldrich). Prior to incubation with antibodies, proteins were destained by being washed with 0 . 1 M PBS buffer ( pH 7 . 4) and unspecific binding sites on the membrane were blocked with 5 % BSA (w/v) in 0 . 1 M PBS buffer ( pH 7 . 4) for 6 h. The blot membrane was incubated with rabbit-anti-Ulex europaeus-1 lectin (UEA1, whole antiserum; Sigma-Aldrich) diluted 1 : 50 000 (v/v) in 0 . 1 M PBS for 2 h and washed twice for 5 min with 0 . 1 M PBS containing 0 . 05 % Tween 20 (v/v) (Sigma-Aldrich).
As a secondary antibody, alkaline phosphatase-labelled goat-anti-rabbit IgG (Sigma-Aldrich) diluted 1 : 60 000 (v/v) in 0 . 1 M PBS was incubated for 2 h and the blot membrane was subsequently washed twice for 5 min with PBS containing 0 . 05 % Tween 20 (v/v) (Sigma-Aldrich). To visualize specific binding sites, the membrane was covered with 0 . 02 % BCIP (5-bromo-4-chloro-3-indolphosphate; Sigma-Aldrich) (w/v) and 0 . 03 % NBT (nitro blue tetrazolium; Sigma-Aldrich) (w/ v) in 0 . 1 M TBS ( pH 9 . 5) until the immunoreactive protein bands became clearly visible after approx. 20 min.
Western blots were analysed and documented as described above for SDS-PAGE.
Dye-coupling experiments
Radial sections of approx. 3 cm length and 0 . 2 cm thickness were manually cut from 2-year-old twigs being submersed in a recovery medium to prevent embolism and dehydration. The medium contained 10 mM MES [2-(N-morpholino) ethanesulfonic acid; Sigma-Aldrich], 2 mM CaCl 2 , 1 mM MgCl 2 , 0 . 5 mM KCl and 150 mM mannitol ( pH 5 . 5) . For dormant tissues the mannitol concentration of the recovery medium was 200 mM.
Sections were fixed with double-sided adhesive tape in selfconstructed dishes composed of microscope slides with acrylic glass at the sides. Mounted sections were covered with approx. 5 mL recovery medium and were allowed to recover for 1 h . Subsequently, 0 . 1 % propidium iodide (w/v) (Sigma-Aldrich) in recovery medium was added drop by drop to stain cell walls and to discriminate between intact and damaged cells. Living cells, identified by a non-stained nucleus, were microinjected. Intracellular injections were rated to be successful if the dye moved slowly from the microcapillary into the cytoplasm and if the nucleus of the injected cell did not become stained by propidium iodide after 20-30 min. About one in ten injection experiments was successful and contributes to the results presented.
Micropipettes with a tip diameter of 0 . 7-1 . 0 mm were drawn from borosilicate microcapillaries with a filament, having an outer diameter of 1 mm and an inner diameter of 0 . 58 mm (Biomedical Instruments, Zöllnitz, Germany), with a Sutter capillary puller P97 (Sutter, Novato, USA).
LYCH-(Lucifer Yellow dipotassium salt; Sigma-Aldrich) and FITC-labelled, purified dextran fractions (Sigma-Aldrich; cf. Ehlers and van Bel, 2010 ) with molecular weights of 4 . 4 and 10 kDa were injected into dormant and active tissues, respectively. Fluorochromes were injected with a cell-tram-oil microinjector (Eppendorf, Hamburg, Germany) and a LN25 mini micromanipulator (Luigs and Neumann, Ratingen, Germany) under a Leica DM LFSA epifluorescence microscope, equipped with a HCX APO L63X/0 . 80W U-V-I long-distance water-immersion objective (Leica, Wetzlar, Germany). To prevent movement of the micropipette during injection, the capillary holder of the micromanipulator was modified in order to achieve mechanical uncoupling of sealing and bracketing functions (see Supplementary Data Fig. S1 , available online). Micrographs were taken with a digital CCD camera (TK-C 1360B, JVC; Friedberg, Germany) and the Leica Software IM 50.
RESULTS
Proteinaceous particles in PDs during budbreak
Storage materials accumulate during late summer and autumn in the cambial region of Populus nigra, and remain abundant (Figs 1 and 2A ) until the completion of budbreak. During dormancy and the onset of cambial reactivation, the vacuoles in the ray cells are often filled with cloudy proteinaceous material ( Fig. 1 ) and electron-dense material occurs in vacuoles of the phloem parenchyma ( Fig. 2A, B) . Regularly, protein bodies, starch grains and ferritin occur in the mature living cells of the cambial region (e.g. Fig. 1 ). In the dividing ray initials and fusiform initials, protein deposits decrease during budbreak ( Fig. 1) due to the divisional activity of these cells. Thus, dividing cambium initials seem to benefit from protein storage materials, which disappear within the few weeks during and following budbreak.
Most likely, mobilized proteins are transported symplasmically to ray initials, since globular proteinaceous particles approx. 29 nm in diameter were found regularly in PDs ( Fig. 2A -E) during the first cambial divisions in spring and the following 2 weeks. One month later and in summer samples (Fig. 2H) , such particles were very scarce and absent during dormancy (Fig. 2G) . The particles were mostly found in PDs of tangential walls between ray cells (Fig. 2C-E ). Yet, they were also observed in PDs between phloem-parenchyma cells ( Fig. 2A, B) , as well as at the interfaces between ray cell/fusiform cell and between fusiform cambial cells. The particles were found within the cytoplasmic sleeve of PDs (Fig. 2C -E ) between plasmamembrane and desmotubule, and were frequently located in the central part of PDs ( Fig. 2C-E) . As the particles were never observed in the cytoplasm, proteins may accumulate in PDs in particle form and aggregate there probably due to aldehyde fixation.
FIG. 1. Cross-section of a ray crossing the reactivated cambial zone of P. nigra during budbreak. The ray is vertically oriented in the centre of TEM micrograph; the phloem is located at the upper part and xylem at the lower part. White arrowheads mark pitfields in tangential walls between ray cells, and white arrows indicate pitfields at the tangential interface at the annual-ring border within the ray. Black arrowheads indicate pitfields at radial interfaces between ray cells and phloem parenchyma or ray cells and cambial cells, respectively. Ray cells contain several storage materials such as starch grains (white stars), protein bodies (PB) and cloudy proteinaceous content in storage vacuoles (SV). Abbreviations: BP, boundary parenchyma; C, fusiform cambial initial; CC, companion cell; PR, phloem-ray cell; RI, ray initial; SE, sieve element; XR, xylem-ray cell; XV, xylem vessel. Scale bar ¼ 5 mm.
At first glance, the particles bear resemblance to plugging substances (e.g. Ehlers et al., 1999; Kwitakowska, 2003) frequently found in PDs between older xylem-ray cells (Fig. 2F) .
However, plugging substances are more variable in size and shape (cf. Fig. 2C -E, F) and more electron-dense. The latter could not be demonstrated in the conventional way of presentation due to the automatic contrast and brightness adjustment of the CCD camera integrated in the TEM. If, however, the contrast and brightness were readjusted by image processing to the levels observed on the TEM viewing screen, the lower electron density of the proteinaceous particles became obvious (compare inset of Fig. 2D and Fig. 2F) . Furthermore, the possibility was checked if the particles represented a viral infection.
Tests on the presence of viruses were negative.
Immunocytochemistry with anti-Ulex europaeus-lectin in TEM
As lectins are a prominent class of plant-storage proteins (e.g. van Damme et al., 1998), poplar tissues were treated with lectin antibodies to identify the nature of the proteinaceous particles and to explore their potential breakdown after budbreak.
By indirect immunolocalization on samples collected during budbreak, compounds with specific binding sites for anti-Ulex europaeus-lectin were found in storage vacuoles, protein bodies, cytoplasm and PDs of phloem-parenchyma cells and ray cells (Fig. 3) . The cytoplasm and the PDs of fusiform cambium cells were labelled to a lower degree.
Number and specifity of binding sites in phloem-parenchyma cells could be deduced from gold-particle density. The cloudy proteinaceous material in the storage vacuoles as well as the cytoplasm were labelled by high numbers of gold-particle duplets and triplets. Protein bodies were marked to a lesser extent as deduced from the occurrence of single gold particles. Cell walls were not labelled at all. Regularly, single gold particles were located on PDs (Fig. 3) . Unspecific binding sites for primary antibodies were scarce and showed up attached to 'sticky' materials such as starch grains or secondary cell walls. Controls without primary antibodies showed negligible non-specific labelling (data not shown).
In addition to the anti-Ulex europaeus lectin, anti-Ricinus communis lectin and anti-Triticum vulgare lectin were tested. Indirect immunolocalization of anti-Ricinus communis lectin resembled that of anti-Ulex europaeus lectin, but anti-Triticum vulgare lectin did not bind specifically (data not shown). Congruent binding sites might point to immunological homologies between lectins of Ricinus and Ulex and poplar storage proteins.
SDS -PAGE
The qualitative protein composition was followed by 1D SDS-PAGE from the end of August (data not shown), during dormancy, and throughout the onset and completion of budbreak (Fig. 4A) . The abundance of proteins can be estimated roughly by comparing the band intensity of the respective protein bands between samples. The total protein concentration reached its maximum during dormancy (Fig. 4A, lane D) . The total amount of proteins and the number of protein bands decreased after reactivation of the cambium and budbreak (Fig. 4A , cf. lanes BB, BB ++ and BB + ++ ). This applies especially to the prominent 70-kDa-and 30-kDa protein bands and most protein bands with molecular weights lower than 25 kDa (Fig. 4A ) which actually disappear within the third week after budbreak (Fig. 4A , cf. lanes BB ++ and BB + ++ ).
Western blot
The anti-Ulex europaeus lectin bound to 32-kDa-and 30-kDa protein bands that became visible on western-blot membranes after indirect immunolabelling (Fig. 4B, upper arrowheads) . The 32-kDa protein band was inconspicuous in the SDS-PAGE and was probably superimposed by the prominent 30-kDa protein band (Fig. 4A) . On the western blot, both protein bands had a roughly constant intensity during bud growth (Fig. 4B, cf. lanes D, BB, BB+ and BB + +), but disappeared within the third week after budbreak (Fig. 4B , cf. lane BB + ++ ). Moreover, a 15-kDa protein band was labelled (Fig. 4B, lower arrowhead) , the intensity of which increased with bud growth (Fig. 4B, cf. lanes D, BB, BB+ and BB + +). This protein is supposed to be a degradation product of the 32-kDa and 30-kDa proteins (cf. Langheinrich, 1993) . It disappeared within the third week after budbreak, like the other labelled proteins (Fig. 4B , cf. lane BB + ++ ).
Dye-coupling experiments
Microinjection into the tiny, sensitive fusiform cells and ray cells was painstaking, which explains the low number of successful injections (cf. Materials and methods).
Moreover, it was impossible to determine the identity (initial or derivative) as achieved in TEM studies (cf. Fuchs et al., 2010) , on radial free-hand sections, observed with an epifluorescence microscope, due to optical diffraction by the upper intact cell layers. Therefore, only the dye movement leaving the injected cell is described without the ability to define the exact position of the cells.
During the budbreak period, seven successful microinjections of a purified 4 . 4-kDa FITC-labelled dextran fraction into ray cells or fusiform cells (Fig. 5A) , resulted in transport to single directly adjacent ray cells or fusiform cambium cells in six cases (Table 1) . Further transport into the next neighbour cell was observed twice (Table 1) .
Only one of nine successful microinjections of a purified 10-kDa FITC-labelled dextran fraction resulted in transport from the injected ray cell to an axially adjacent ray cell. In all other cases, no dye transport from either the ray cells or the fusiform cells was observed (Fig. 5B) .
Microinjections of LYCH were performed to investigate symplasmic connectivity in the dormant cambial region. Only one of eight successful microinjections of LYCH resulted in transport from a fusiform cell into three radially adjacent parenchyma cells. Dye transport across the interfaces ray cell/ray cell, fusiform cell/fusiform cell or between ray cells and fusiform cells was not observed which indicates a high degree of symplasmic discontinuity during dormancy (cf. Fuchs et al., 2010) . Apparently, the SEL of PDs between ray and fusiform cambium cells opens up during cambium reactivation and budbreak and reaches values between 4 . 4 kDa and 10 kDa. spring have been documented in several publications (e.g. Sauter et al., 1988; Langheinrich and Tischner, 1991; Stepien and Martin, 1992; Sauter and van Cleve, 1994) . The composition of these storage proteins, which are mainly of albuminous nature (Beardmore et al., 1996) , is partly known (e.g. Sauter et al., 1988; Langheinrich and Tischner, 1991; Stepien and Martin, 1992; Sauter and van Cleve, 1994) . In spring, mobilized storage proteins (Langheinrich, 1993; Beardmore et al., 1996) are translocated to growing tissues (e.g. Stepien and Martin, 1992) , i.e. the growing buds and the reactivated cambium (e.g. Fuchs et al., 2010) . The present study shows that storage proteins are mobilized during a 3-week period after cambium reactivation and budbreak (Figs 1 and 4) . In the third week, a strong decline of the protein content concurs with an intense leaf growth and a high divisional activity of the cambium (Fig. 4) . The immunolabelled proteins observed here (32 kDa and 30 kDa), may be degraded continuously to 15-kDa polypeptide units as indicated by the increase in the 15-kDa band intensity during initial bud growth ( Fig. 4B ; Langheinrich, 1993) . Degradation of the 34-kDa and 32-kDa storage proteins to 18 kDa polypeptides has been reported for other poplar species (Stepien and Martin, 1992; Langheinrich, 1993) . Thus, the molecular weights of storage proteins found in P. nigra slightly differ from those in other Populus species (Sauter et al., 1988; Langheinrich and Tischner, 1991; Stepien and Martin, 1992; Beardmore et al., 1996) . These slight deviations in molecular weight might be ascribed to clonal variations (Coleman et al., 1991; Langheinrich, 1993) .
Storage proteins emerge as protein bodies and as proteinaceous material in storage vacuoles in vascular tissues of poplar with the onset of dormancy and disappear by the end of the budbreak period (e.g. Sauter et al., 1988; Langheinrich and Tischner, 1991) . Similarly, lectins show up and disappear yearly in the bark of elderberry and black locust (Etzler, 1986; Nsimba-Lubaki and Peumans, 1986; Rüdiger and Gabius, 2001) . Given this yearly oscillations of lectins and storage proteins (Nsimba-Lubaki and Peumans, 1986) , western-blotting experiments were performed with anti-Ulex europaeus lectin, which labelled 32-kDa and 30-kDa storage proteins and a putative 15-kDa degradation product of P. nigra ( Fig. 4A and B) . Immunocytochemical analyses demonstrated that these proteins are located in storage vacuoles, protein bodies, in the cytoplasm and in PDs of ray and phloem-parenchyma cells at the beginning of budbreak and, to a lesser degree, in the cytoplasm and the PDs of fusiform cambium cells (Fig. 3) .
Storage proteins of P. nigra share immunological homologies with lectins and may also possess lectin properties including specific binding of sugars. In plant seeds, lectins often act as storage proteins (e.g. Etzler, 1985; van Damme et al., 1998) and could represent a two-component storage system composed of sugars and polypeptides. They might also fuel cambial reactivation and bud growth in spring.
Immunolabelling on PDs corresponds to the occurrence of proteinaceous particles located inside the cytoplasmic sleeve during budbreak. These particles showed up in PDs between phloem-parenchyma cells, ray cells and fusiform cambial cells (Fig. 2C-E) . However, these particles are considerably larger than the proteins identified by western blotting (Fig. 4B) . We suspect that proteins in the central part of the PDs form proteinaceous aggregates as a result of aldehyde Table 1 ). The dye initially spreads into an axially adjoining ray cell (RC 2) and then into radially adjacent fusiform cell (CC). Seven successful injections were performed -see Table 1 Axially adjacent: having a transverse cell wall in common; radially adjacent, having a radial cell wall in common; tangentially adjacent, having a tangential cell wall in common.
fixation. Movement proteins of the tobacco mosaic virus accumulate in an analogous way in PDs (Ding et al., 1992) .
The presence of proteinaceous particles in PDs concurs with disappearance of the lectin-like 32-kDa and 30-kDa proteins and appearance of a 15-kDa protein ( Fig. 4A and B) . Labelled proteinaceous substances and the particles have vanished after completion of the cambial reactivation and budbreak ( Fig. 2B -E; cf. also Figs 2G and H and 4B ). In conclusion, symplasmic pathways might control delivery of mobilized proteins from vascular parenchyma via rays to the (actively) dividing cambium or to the vascular channels (e.g. Sauter, 2000) . In poplar, strictly controlled PD numbers between fusiform cambial cells indicate a highly regulated symplasmic transfer to defined cells throughout the year (Fuchs et al., 2010) .
Two modes of symplasmic transfer through PDs have been described. A simple diffusion governed by the Stokes' radius of the molecule to be transported and the basal SEL of the PD and selective trafficking of macromolecules which supposedly interact with proteins lining the cytoplasmic PD corridor (Mezitt and Lucas, 1996; Oparka et al., 1999; Haywood et al., 2002; Lucas and Lee, 2004) . Blackman and Overall (1998) (reviewed in Oparka, 2004; Samaj et al., 2006) proposed that macromolecular complexes traffic via the motor domain of myosin molecules along actin filaments associated with the desmotubule of the PD that spans the central part of the pore. In agreement with such a model, Chaffey and Barlow (2001) immunolocalized unconventional myosin VIII to the pitfields between radially and vertically adjacent axial parenchyma cells and between radially adjacent xylem-ray cells. Therefore, symplasmic transport was proposed to be associated with a continuous cytoskeleton system associated with PDs (Chaffey and Barlow, 2001) .
PDs in axial sink tissues usually exhibit high SELs up to 67 kDa (Imlau et al., 1999; Oparka et al., 1999; Roberts et al., 2001; Stadler et al., 2005) , decreasing with cell maturation (Oparka et al., 1999; Stadler et al., 2005) . During budbreak, cells in the cambial region of P. nigra are mainly interconnected by simple PDs (Fuchs et al., 2010) which exhibit lower SELs than those in axial sinks, i.e. between 4 . 4 kDa and 10 kDa. This corresponds to an SEL of about 8 kDa between cambium initials in tomato . In winter, intracellularly injected LYCH did not move between the poplar cambial cells, which is indicative of symplasmic uncoupling during dormancy (Rinne et al., 2001; Viola et al., 2007) .
Diffusional intercellular transport of macromolecules depends on the Stokes' radius rather than on the molecular weight (Fisher, 2000) . The 10-kDa dextrans with a Stokes' radius of 2 . 2 nm moved only once in the microinjection experiments. Hence, the maximal diameter of the PD corridor is probably slightly below 2 . 2 nm. Acting on the assumption that a 15-kDa protein has a perfectly globular shape, its Stokes' radius would be 1 . 9 nm as calculated from RS ¼ 0 . 0557 × molecular weight 0·369 (Müller, 2005) . Therefore, the 15-kDa protein may move by diffusion but the 32-kDa and 30-kDa proteins would need selective trafficking through PDs. This conclusion should be handled with care because Walter et al. (2009) demonstrated that slight deviations from a perfectly globular shape readily lead to larger Stokes' radii by calculations and measurements for occludin (Occl-Cys-R), having a molecular weight of approx. 15 kDa.
The question is whether which of the identified proteins (15 kDa, 30 kDa or 32 kDa) is immunolocalized to PDs, cannot be answered unequivocally. Provided, that the 15-kDa protein represents a degradation product, PD transfer of a 15-kDa molecule is the most likely option. Irrespective of uncertainties regarding the identity and size of the molecules in the PDs, this work highlights a novel PD-mediated transfer of storage proteins. Symplasmic transfer of storage proteins with putative lectin function may contribute to the rapidity of the reactivation process after dormancy.
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